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Abstract Plant growth tests were performed with radish 
(Raphanus sativa var. radicula Pers.) in culture solutions 
containing low molecular weight compounds in the pres¬ 
ence of aluminum to determine the types of functional 
groups in kraft lignin (KL) modified with ozone and alkali 
that contributed to reducing aluminum toxicity. The low 
molecular weight compounds used in this study contained 
carboxyl, formyl, methoxyl, alcohol hydroxyl, and phenolic 
hydroxyl groups. The compounds that had adjacent two 
carboxyl groups (oxalic acid), carboxyl/alcohol hydroxyl 
groups (glycolic acid), or carboxyl/formyl groups (glyoxylic 
acid) were effective in reducing aluminum toxicity. Malonic 
acid, having two carboxyl groups, also reduced aluminum 
toxicity. The ability of ozone-treated KLs to reduce alumi¬ 
num toxicity was considered to be partly due to these chem¬ 
ical structures. Protocatechuic acid, having two adjacent 
phenolic hydroxyl groups, was also effective in reducing 
aluminum toxicity. This indicated that the effectiveness of 
the alkaline-treated KL was partly due to its catechol 
structure. 
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Introduction 

Aluminum is the third most abundant element after silicon 
and oxygen in the earth’s crust. Most aluminum exists in 
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forms that are harmless to plants at neutral pH, but photo¬ 
toxic aluminum ion is eluted into soil by acidification. 
Aluminum toxicity is known as the major limiting factor of 
plant growth in acid soil, 1 ' 7 which comprises large areas of 
the world’s land. 

Bartlett and Riego 8 reported that maize root did not 
exhibit the symptom of aluminum toxicity in plant growth 
tests with Al-citrate and Al-ethylenediaminetetraacetic 
acid (EDTA) solutions, although it was severely injured 
in an aqueous solution of Al(OH),Cl. The same results 
were also obtained by plant growth tests of tomato, buck¬ 
wheat, soybean, rice, and barley with Al-citrate solution. 8 
The complexes of Al-citrate (1:1) and Al-oxalate (1:3) 
were isolated from cell saps of hydrangea and buckwheat, 
respectively. Plant growth tests showed that these A1 
complexes did not inhibit root elongation of corn. 9 ' 12 
The complex of Al-malate (1:6-8) was also reported 
to alleviate the inhibitory effect of aluminum on root 
elongation. 3 

The findings described above show that complexation 
with aluminum plays an important role in reducing alumi¬ 
num toxicity, but combinations of two functional groups 
that form complexes with aluminum have not been fully 
elucidated. It is known that complexation with aluminum 
occurs predominantly with functional groups containing 
oxygen. 313 Hue et al. 14 reported that some acids could reduce 
aluminum toxicity if they have two carboxyl groups, 
carboxyl/alcohol hydroxyl groups, or carboxyl/phenolic 
hydroxyl groups positioned in a manner suitable for a 
five-membered or six-membered chelate structure with 
aluminum. However, Schnitzer and Skinner 15 reported that 
alcohol hydroxyl groups did not take part in complex for¬ 
mation with aluminum after finding that selective blocking 
of alcohol hydroxyl groups did not affect metal retention 
capacity of soil organic matter. They also reported that 
selective blocking of phenolic hydroxyl groups significantly 
reduced metal retention capacity of soil organic matter. 15 
Tam and McColl 16 reported that compounds having 
adjacent carboxyl/phenolic hydroxyl groups and two phe¬ 
nolic hydroxyl groups had high aluminum binding affinity 
at pH 4.5. However, Ofei-Manu et al. 17 reported that the 
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aluminum binding capacity of compounds having a catechol 
structure were much lower at pH 4.5 than at pH 7.0. It was 
reported that salicylic acid has a high stability constant for 
complexation with aluminum, 13 but it was moderately effec¬ 
tive in reducing aluminum toxicity at pH 4.8. 14 

The authors believe that lignin has advantages as an 
agent for remediation of extensive tracts of acid soil, because 
lignin is the second most abundant biomass component 
after cellulose, is reproducible, and forms a part of forest 
soil as humic substance. The use of lignin derivatives as an 
acid soil conditioning agent, especially focused on reduction 
of aluminum toxicity, has been studied in detail. 18-25 
Katsumata et al. 18-21 and Wang et al. 22-23 reported that lignins 
modified with alkaline oxygen or radical sulfonation reduced 
aluminum toxicity. We reported in previous articles that 
kraft lignins (KLs) modified by alkaline treatment and 
ozone oxidation reduced aluminum toxicity. 24 ' 25 It is assumed 
that reduction of aluminum toxicity with ozone-treated KL 
is, at least partly, due to complexation with aluminum. 

Eriksson and Gierer 26 reported that the reaction of aro¬ 
matic and olelinic moieties of lignin model compounds with 
ozone can be interpreted in terms of the Criegee mecha¬ 
nism. According to this mechanism, carbonyl, carboxyl, and 
ester groups were formed from aromatic or aliphatic double 
bond moieties of lignin model compounds by ozone oxida¬ 
tion. In the present study, plant growth tests were carried 
out in culture solutions containing low molecular weight 
compounds having carboxyl, formyl, alcohol hydroxyl, phe¬ 
nolic hydroxyl, and methoxyl groups to determine why KLs 
modified by alkaline treatment and ozone oxidation reduce 
aluminum toxicity. 24,25 The effective combinations of func¬ 
tional groups in reduction of aluminum toxicity with modi¬ 
fied KLs are discussed. 


of the hydroponic solution. A solution with 1.2 mM CaCl 2 
at pH 4.8 was used as nutrient solution. The plant growth 
test was carried out in the presence and absence of A1C1 3 
(37.5 pM) and low molecular weight compounds (18.8,37.5, 
and 112.5 pM) at 23.5°C with continuous air bubbling. The 
pH of each hydroponic solution was adjusted to pH 4.8 with 
dilute HC1 and/or NaOH solution two times a day during 
the plant growth test. The primary root lengths were mea¬ 
sured after a 3-day growth period. Abnormal values were 
removed using Dixon's Q method (n = 10). 27 The results 
were evaluated statistically by the t-test method for assess¬ 
ment of significance. 27 


Results and discussion 

Radish (Raphanus sativa var. racLicula Pers.) was used in 
our plant growth test because it has been used to evaluate 
the reduction of aluminum toxicity with modified kraft 
lignins. 18-25 The solution containing CaCl 2 was used as basal 
solution in the plant growth tests to avoid interaction 
between Al and other nutrients such as phosphorus. 11 The 
chemical structures of the compounds used in this study are 
shown in Fig. 1. The amounts of compounds used in the 
plant growth tests were 0.5, 1.0, and 3.0 molar equivalents 
based on the molar content of A1C1 3 . These compounds 
were soluble in hydroponic solution and they did not exhibit 
any toxic effect according to plant growth tests in the 
absence of aluminum. 

At first, plant growth tests were carried out in the culture 
solutions containing acetic, oxalic, malonic, and phthalic 
acids (I-IV in Fig. 1) to confirm the importance of the rela- 


Materials and methods 

Materials 

Glycolic acid, glycerol, glyoxylic acid monohydrate, dl- 
glyceraldehyde, acetic acid, oxalic acid, malonic acid, 
phthalic acid, and protocatechuic acid were purchased from 
Wako (Osaka, Japan). Vanillic acid and p-hydroxybenzoic 
acid were purchased from Sigma-Aldrich (Tokyo, Japan) 
and Tokyo Chemical Industry (Tokyo, Japan), respectively. 
These compounds were used directly for plant growth tests 
without further purification. The compounds were dissolved 
in nutrient solution prepared for plant growth tests. 


Plant growth test 

Plant growth tests were conducted as reported in the litera¬ 
ture 18-23 with some modifications, and detailed a method was 
reported in a previous article. 24 Seeds of radish (Raphanus 
sativa var. radicula Pers.) were sterilized in 70% ethanol 
aqueous solution for 30 s and then in 1% sodium hypochlo¬ 
rite solution for 10 min. Ten young seedlings were trans¬ 
planted on a nylon mesh holder that was floating on 700 ml 
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Fig. 1. Chemical structures of the compounds used in this study. I. 
Acetic acid; II, oxalic acid; III, malonic acid; IV, phthalic acid; V, gly¬ 
colic acid; VI, glycerol; VII, glyoxylic acid; VIII, glyceraldehyde; IX, 
p-hydroxybenzoic acid; X, protocatechuic acid; XI, vanillic acid 
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tive position of carboxyl groups for reducing aluminum 
toxicity. The results are shown in Fig. 2. Recoveries of 
root elongation up to the level of the condition without A1 
[O(-Al)] were observed with oxalic and malonic acids, 
showing that they were effective in reducing aluminum 
toxicity. Flue et al. 14 reported that some acids could be 
A1 detoxifiers if they could form live-membered or six- 
membered chelate rings with aluminum. Oxalic and malonic 
acids have two carboxyl groups suitably positioned to make 
hve-membered or six-membered rings with aluminum. 
Acetic and phthalic acids had no effect in reducing alumi¬ 
num toxicity. Acetic acid has only one carboxyl group and 
is not able to complex with aluminum. Seven-membered 
ring structures, such as that found in the aluminum complex 
by two carboxyl groups in phthalic or succinic acid, have 
low stability because of steric hindrance. 13 It should be 
noted that root elongation was accelerated with oxalic and 
malonic acids. These phenomena have also been observed 
in the case of KLs oxidized with alkaline oxygen or 
ozone. 202425 It is not clear at present why root elongation 
was accelerated with these compounds. It was reported in 
previous articles that the content of oxalic acid increased in 
KL as the ozone treatment progressed. 24 25 Malonic acid was 
detected as one of the minor reaction products in the ozone- 
treated KLs by gas liquid chromatography (GLC) after 
trimethylsilylation. 24 ' 25 

Next, plant growth tests were carried out in the culture 
solutions containing glycolic acid, glycerol, glyoxylic acid, 
and glyceraldehyde (Y-YIII in Fig. 1) to confirm the con¬ 
tributions of carbonyl groups and alcohol hydroxyl groups 
in ozone-treated KL and alkaline-treated KL in reducing 
aluminum toxicity. The results are shown in Fig. 3. It was 
observed that root elongation was recovered up to the level 
of the condition [0 (-A1)] with glycolic acid at the dosage of 
112.5 pM and glyoxylic acid at dosages of 37.5 and 112.5 pM. 


These results show that the adjacent carboxyl/alcohol 
hydroxyl groups and carboxyl/formyl groups contribute to 
reduction of aluminum toxicity. Effective combinations of 
functional groups in reducing aluminum toxicity have not 
been fully elucidated. Combination of carboxyl/alcohol 
hydroxyl groups was reported to be effective in reducing 
aluminum toxicity. 14 Flowever, the contribution of carbonyl 
groups to reducing aluminum toxicity has not been clarified 
to date. This is the first report of the effectiveness of adja¬ 
cent carboxyl/formyl groups in reducing aluminum toxicity. 
Glycerol, having adjacent two alcohol hydroxyl groups, did 
not exhibit any effect, confirming the findings of Schnitzer 
and Skinner 15 that alcohol hydroxyl groups did not partici¬ 
pate in complex formation with aluminum. Glyceraldehyde, 
which has adjacent formyl/alcohol hydroxyl groups, also 
showed no effect in reducing toxicity. It was reported that 
compounds having carbonyl groups were formed by ozone 
treatment of lignin model compounds and KL. 262829 Glyox¬ 
ylic acid was detected as one of the minor reaction products 
in ozone-treated KLs after analysis by GLC after trime¬ 
thylsilylation. 2425 Glycolic, glyceric, erythronic, threonic, 
tartronic, and malic acids have adjacent carboxyl/alcohol 
hydroxyl groups and they were found to be present in the 
reaction products of lignin with ozone. Erythronic and thre¬ 
onic acids are known as the major low molecular weight 
products formed by ozone treatment of lignin model com¬ 
pounds and lignins including KL. 30 ~ 34 Glyceric and glycolic 
acids were also found as major low molecular weight prod¬ 
ucts of ozone-treated KL, milled wood lignin (MWL), 
klason lignin, and soda lignin. 30 32 Tartronic and malic acids 
were found to be present in the reaction products of lignin 
model compound, klason lignin, and KL treated with 

24 25 30 

ozone. ’ ’ 

Finally, plant growth tests were performed in the culture 
solutions containing p-hydroxybenzoic, protocatechuic, and 
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Fig. 2. Effect of acetic acid, oxalic acid, malonic acid, and phthalic acid 
on root elongation of radish (Raphanus sativa var. radicula Pers.). 
Hydroponic solution contained 1.2 mM CaCl 2 and 37.5 pM A1C1 3 at pH 
4.8. Dosages of compounds were 18.8, 37.5, and 112.5 pM and that of 
A1C1 3 was 37.5 pM. Growth period was 3 days (n = 10). 0(-AI), Hydro¬ 
ponic solution without aluminum; error bars, standard deviation 
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Fig. 3. Effect of glycolic acid, glycerol, glyoxylic acid, and glyceralde¬ 
hyde on root elongation of radish (Raphanus sativa var. radicula Pers.). 
Hydroponic solution contained 1.2 mM CaCl 2 and 37.5 pM A1C1 3 at pH 
4.8. Dosages of compounds were 18.8, 37.5, and 112.5 pM and that of 
AICI 3 was 37.5 pM. Growth period was 3 days (n = 10) 
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Fig. 4. Effect of p-hydroxybenzoic acid, protocatechuic acid, and vanil¬ 
lic acid on root elongation of radish (Raphanus sativa var. radicula 
Pers.). Hydroponic solution contained 1.2 mM CaCl 2 and 37.5 pM 
A1C1 3 at pH 4.8. Dosages of compounds were 18.8, 37.5, and 112.5 pM 
and that of A1C1 3 was 37.5 pM. Growth period was 3 days (n = 10) 
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vanillic acids (IX-XI in Fig. 1). These tests examined the 
contributions of phenolic hydroxyl groups and its methyl 
ether (methoxyl group) in alkaline-treated KL in reducing 
aluminum toxicity. The results are shown in Fig. 4. Only 
protocatechuic acid reduced the aluminum toxicity, showing 
that the catechol structure contributed to reducing the alu¬ 
minum toxicity. It was reported in a previous article that 
original KL was insoluble in water and had no effect on 
reducing aluminum toxicity. 24 However, KL become effec¬ 
tive in reducing aluminum toxicity after enhancement of its 
water solubility by alkaline treatment. 25 This indicates that 
water solubility is an important factor in reducing aluminum 
toxicity with the catechol structure in KL. The catechol 
structure was reported to be formed by cleavage of a methyl 
aryl ether linkage at the methoxyl position of lignin during 
cooking treatment. 35 One phenolic hydroxyl group or guaia- 
cyl nuclei did not reduce aluminum toxicity. It was sug¬ 
gested by Vance et al. 13 and Barcelo and Poschenrieder 36 
that the contribution of phenolic hydroxyl groups to reduc¬ 
ing aluminum toxicity was, in acidic pH, less apparent than 
that of carboxyl groups. On the other hand, Schnitzer and 
Skinner 15 and Tam and McColl 16 reported the importance 
of phenolic hydroxyl groups in complex formation with alu¬ 
minum. It was reported that the combination of carboxyl/ 
phenolic hydroxyl groups was moderately effective in reduc¬ 
ing aluminum toxicity. 14 
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